Recent studies have established that microwave irradiation during aldehyde fmaon of electron microscopy specimens can reduce fmtion times substantially. Similar reductions in duration of histochemical and light microscopy procedures have been reported. Both thermal and non-thermal effects of miaowam have been proposed to explain these dramatic dwclses in processing time. possible the-rmal effects indude increases in fmtive diffusion and reaction rates and inaeased formation of glutaraldehyde monomers. Proposed nonthermal eftects indude preferential orientation of fmtive molecules by the miaowave field and other more speculative direct miaowave effects. Several reported attempts to produce rapid fmtion without temperature inaease by cooling specimens during irradiation have produced conflict-
Introduction
During the last decade, studies have established that microwave irradiation of electron microscopy specimens in aldehyde fixatives can reduce conventional fixation times of 1-2 hr to as little as 26 msec (Login et al., 1986; Login and Dvorak, 1985; Hopwood et al., 1984; Chew et al., 1983) . Similar reductions in the duration of many histochemical and light microscopy procedures have been achieved when combined with microwave exposure (Login and Dvorak, 1988; Boon and Kok, 1987) .
The mechanisms proposed to explain these dramatic decreases in processing time include both thermal and non-thermal effects of the microwave radiation. The direct thermal effect of an increase in temperature would be expected to accelerate the diffusion of aldehyde fixative into tissue and also to increase the cross-linking reaction rate with tissue proteins (Boon and Kok, 1987) . In addition, Ruijgrok et al. (1990) have shown that rapid heating to 40'C accelerates the conversion of the glutaraldehyde polymers typically found in fiitive solutions to a free monomeric form. The monomers have a higher diffusion rate and are more effective tissue penetrants and cross-linking agents. ing results. If rapid f i t i o n is a thermal effect, other heating modes in addition to microwave exposure should produce similar effects. We show that for mouse liver samples ((1 mm3) comparable fuation can be obtained with microwave irradiation, conductive and c o d v e heating in a waterbath, and resistive heating with a low-frequency (1 kHz) CUIrent passed through the fmtive solution. We also show that using an efficient convective cooling method to prevent temperature inaease during microwave exposure produces unsatisfactory fmtion. These results are consistent with thermal mechanisms for rapid f i t i o n . 
42383-394 1994)
Proposed non-thermal effects indude a possible increase in reaction rate by preferential orientation of the aldehyde molecules due to dipole rotation in the oscillating electric field (Login and Dvorak, 1985) . Other more speculative mechanisms, such as direct interaction of the microwave radiation with the cell membrane, have been suggested (Leong and Gove, 1990) .
Several investigators have attempted to separate possible thermal and non-thermal effects. Hjerpe et al. (1988) studied the effect of microwave irradiation on an ELISA system that was cooled to prevent a temperature increase during exposure. The authors reported an enhanced binding rate in the irradiated specimens despite cooling. They attributed this to a direct, non-thermal microwave effect.
In contrast, Hopwood et al. (Hopwood et al., 1988) concluded that the controlled delivery of heat was the most significant factor in microwave fixation. These authors studied microwave-irradiated mouse liver and hemoglobin and lysozyme solutions in formaldehyde fmtive which were cooled during exposure. Both studies used cooling methods that relied on thermal conduction to remove energy dissipated by the microwave field. The effectiveness of this heat transfer mechanism in a microwave field can vary widely and may account for the divergent results.
If rapid fixation is a thermal effect, then other heating modes besides microwave exposure should produce similar effects. We have previously shown that for small tissue samples (41 mm3), comparable fixation can be obtained with microwave irradiation (MWH) 383 or with a combination of conductive and convective heating (CH) by immersion in a shaker waterbath (Leonard and Shepardson, 1992) .
In the present study we extend these results by examining an additional heating method: resistive heating (RH) when a lowfrequency (1 kHz) electric current is passed through the fixative solution. Like MWH, RH is a volumetric heating method. Heat is dissipated throughout the tissue volume as current flows through fluid-filled intercellular spaces. With CH, in contrast, heat must diffuse from the exterior medium to the tissue interior.
We also examine the effect of MWH on specimens that are cooled to prevent significant temperature increases. A convective cooling method has been utilized which avoids the uncertainties of conductive cooling methods. la 
Materials and Methods
Two series of experiments were performed. First, samples were prepared with MWH, resistive heating, and convectivelconductive heating. These were compared with unheated controls or heated controls without fixative. Second, samples were irradiated with microwaves but cooled to prevent a temperature increase. These samples were compared with irradiated samples that were allowed to heat and with unheated controls.
Comparison of Heating Modes
Specimens. Liver tissue was removed from euthanized female white mice weighing approximately 40 g. The mice were a non-inbred strain obtained from a local supplier. The care and use of animals met established institutional guidelines. Tissue was immersed in 0.1 M sodium cacodylate buffer, pH 7.4, containing 0.05 M CaC12 and 5% sucrose and was cut into 1-mm3 blocks. For each treatment or control, approximately 15 tissue blocks were processed together. The fixative solution consisted of 2.5 % glutaraldehyde in cacodylate buffer. During heating, samples were processed in glass vials (4.5 cm height x 1.5 cm diameter) containing 2 ml of fixative, except as noted below. All samples were initially at room temperatures (20-22°C) (RT) and were heated to final temperatures of 40-43°C. Fixative temperatures were measured immediately before and after heating using a thermocouple (type K). After heating, the fixative solution was immediately removed and replaced with RT buffer.
Microwave Heating. Specimens were heated with both a conventional home microwave oven and a specially designed microwave transmitter and resonant cavity. The heating procedure with a microwave Oven (Sears Model #88627,2.45 gHz, 600 W) followed the method of Login and Dvorak (1985) . Specimens were heated in the glutaraldehyde solution for 10-15 sec. The oven magnetron was warmed up for 2 min before specimen exposure and a 300-ml water load was placed in the oven during heating.
Specimens were also heated with a modified medical sterilizer unit (Microwave Medical Systems; Littleton, MA). This system was used to avoid problems associated with microwave ovens: uneven and unpredictable field patterns, variation in power levels, and in&icient power transfer to specimens.
The sterilizer unit consisted of a solid-state transmitter (915 mHz, 25 W) and dielectric-loaded, halfwave-resonant cavity. A hole bored in the dielectric positioned the specimen vial at the center of the cavity where the field is uniform and maximum. A stub tuner was used to match the impedance ofthe cavity to the transmitter, resulting in 7540% power uansfer. Although the transmitter has only a fraction of the output power of a microwave oven, the greater efficiency of coupling required only slightly longer exposure times (30-40 sec) for comparable temperature increments. Additional technical details for the sterilizer transmitter and cavity can be found in Carr and Grabowy (1990) .
Resistive Heating. A cylindrical heating chamber was constructed by drilling a cavity (4 cm height x 1.5 cm diameter) in an acrylic block (see Figure la ). Gold-plated electrodes were mounted at the ends of the cavity and a nylon screen at the center supported the tissue blocks. The cavity was filled with fivative and specimens were heated by passing a 1-kHz electric current through the solution. Dimensions of the chamber were chosen to minimize the volume of fluid and the power requirement of the amplifier while still facilitating the handling of specimens.
The 1-kHz current was produced with a laboratory signal generator and audio frequency amplifier. A transformer between the amplifier and heating chamber improved impedance match and increased power transfer. The fixative solution had a conductivity of 0.36 Slm at 2O"C, increasing to 0.57 S/m at 40'C (Smith-Baish et al., 1993) . This gave a typical resistance of approximately 700 0 for the heating chamber at RT. With an amplifier output of 15-20 W, specimens could be heated from RT to 40-43'C in 30-40 sec.
ConvectiveKonductive Heating. Vials containing specimens in fixative were placed in a gyrotary waterbath shaker for 40-60 sec. Specimens were heated using CH from RT to 40-43'C.
Controls. Control samples were processed in the following manner. For conventional (long duration, unheated) fixation, specimens were immersed in RT glutaraldehyde solution for 1.5 hr. For short-duration, unheated fixation, specimens were immersed in RT glutaraldehyde for 40 sec. For MWH without fixative, vials containing specimens in buffer were heated using the 915 mHz transmitter for 30-40 sec to 40-43°C. For CH without fivative, vials containing specimens in buffer were heated in a gyrotary waterbath shaker for 40-60 sec to 40-43-C.
Further Processing for Electron M i a m p y . All subsequent steps were performed at RT. Specimens were washed in three 10-min buffer rinses after initial fmtion or control treatments. They were osmicated in 1% Os04 in buffer for 1 hr and further washed in buffer as previously described.
Tissue was dehydrated in a graded series of ethanol and embedded in Epon-Araldite. Sections were cut on a RMC MT-6000 ultramicrotome, poststained with m y 1 acetate and lead citrate, and viewed in aJEOL 100B6 electron microscope.
Microwave Irradiattn with Convective Cooling
Apparatus. A convective cooling system was constructed to maintain specimens at a relatively constant temperature while exposed to MWH radiation in the microwave oven ( Figure Ib) . The specimens were placed in a plastic chamber (2.5 cm height x 1.5 cm diameter) connected by rubber tubing to an external reservoir of RT fmtive and to a drain. Dimensions of the chamber were chosen to minimize the volume of fluid while still permitting convenient handling of the specimens.
During microwave exposure, fmtive could flow through the specimen chamber at a rate d i c i e n t to prevent signifcant temperature increase. The height of the reservoir could be adjusted to control flow rate. Plastic screen at the ends of the chamber retained the specimens.
Fixative temperature was measured at the outlet from the oven with a laboratory thermometer (see Figure lb) . Temperature within the specimen chamber was measured immediately before and after microwave exposure with a thermocouple (type K). With fmtive flowing, 12 sec of exposure raised the outlet temperature to a maximum of 26'C and the specimen chamber to a maximum of25'C. Therefore, the cooling system limited the temperature increase during exposure to a maximum of2-3'C.
With no flow, specimens and fixative in the chamber were heated from RT (23°C) to 42'C in 12 sec.
Specimens. Liver tissue from euthanized female white mice was prepared as described above.
Microwave Exposw. One set of specimens was exposed to microwaves for 12 sec with the fmtive flowing. limiting temperature increase to a maximum of 3'C as described above. A second set of samples in non-flowing fmtive was exposed for 12 sec and heated to a temperature of42'C as described above.
Controls.
Control samples were processed in the following manner. For comrrntiond (long-duration, unheated) fmtion, specimens were immersed in RT glutaraldehyde solution for 1.1 hr. For short-duration, unheated fmation, Specimens were immersed in RT glutaraldehyde for 12 sec.
Further F"c&ng for Elecaon Microscopy. Subsequent processing for all specimens was performed as described above.
ReSUltS

Comparison of Heating Modes
MWH (915 mHz, 2.45 gHz), RH and CH with Fixative, Conventional Fixaaon. Liver h e f d by these five methods revealed uluasuuctural detail comparable to accepted standards ofgood ftation (Hayat, 1981) (Figures 2a, 2b, 3a, 3b, and 4a ). There were no signs of extraction in either ground substance or nucleoplasm, and membranes [nuclear, cytoplasmic, endoplasmic reticulum (ER), mitochondrial] were clearly discernible. Ribosomes were plentiful, both free in the cytoplasm and attached to ER. Neither swelling nor shrinkage was apparent in ER, mitochondria, or nuclei. Glycogen was visible as dark clumps. There was no apparent daerence between the specimens heated at the two different microwave frequencies. Some minor inconsistencies in fixation quality were oc-casionally noted between specimens or within tissue blocks in all methods.
Short-duration Unheated Fixation, CH Without Fixative, MWH
Without Fixative. Characteristics of poor fixation were apparent with all of these protocols (Hayat, 1981) (Figures 4b, 4a, and 5b) . Ground substance and nucleoplasm were extracted. Mitochondria were swollen with their stroma extracted and cristae disrupted or absent. Rough ER was swollen and lacked dense contents, and many small vesicles were present. There was a reduced number of free ribosomes in all three preparations.
Microwave hadation with Convective Cooling
hlWH with Cooling, Short-duration, Unheated Fixation. Characteristics of poor fixation as described above were apparent with these protocols. (Figures 4b and 6a ).
M W H Without Cooling, Conventional Fixation. Tissue fixed
by these methods showed ultrastructural detail comparable to accepted standards of good fixation as described above (Figures 4a  and 6b ). Some minor inconsistencies in fixation quality were occasionally noted between specimens or within tissue blocks with both methods.
Discussion
The goal of this study was to determine whether reduction in fixation time caused by MWH is a thermal effect or a unique, nonthermal effect of microwave radiation. Ifrapid fixation is a thermal effect, other heating modes in addition to MWH should result in similar fixation effects. In this study, when MWH, RH or CH was used to raise samples to the same temperature range (40-43%) at similar heating rates (30-40 sec), comparable results were achieved. Fixation in glutaraldehyde with MWH, RH, and CH protocols was comparable in quality to tissue fixed with a conventional long-duration protocol (1-2 hr at RT). These results confirm that MWH is not a unique, non-thermal mechanism for reducing fixation times.
If rapid fixation were a non-thermal effect of microwave radiation, the effect should be manifest even when the specimen is actively cooled to prevent a temperature increase during exposure.
However, this study demonstrated that without a temperature increase, microwave energy will not produce rapid fixation. When specimens were cooled with flowing fixative which limited temperature increases to 23'C, poor-quality fixation resulted. Under identical exposure conditions but without flow, the temperature increased to 40-43'C and good quality fmtion was obtained.
Two earlier studies attempted to cool specimens during microwave exposure. Hjerpe et al. (1988) placed samples in shallow reaction wells on a glass slide. The slide was cooled by being placed on a chilled glass block. The authors reported an enhanced binding rate for an ELJSA system despite cooling. They attributed this to a direct, non-thermal microwave effect.
The cooling method used, however, may have been ineffective. Microwave energy would likely have dissipated in the small sample volumes more rapidly than thermal energy could diffuse to the chilled block. Glasses are only moderately good thermal conductors (representative thermal conductivities at 0-1O'C glasses 0.5-12 W1m.K; water 0.57 W1m.K; copper 401 W/m.K) (Weast, 1967) . In addition, contact thermal resistance might have existed between the slide and block, further hindering thermal diffusion. Large, transient sample temperature increases might occur under these circumstances. Hopwood et al. (1988) placed hemoglobin and lysozyme solutions and mouse liver samples in test tubes which were immersed in an ice-water bath during MWH. Although this cooling method also depends on thermal conduction, it was probably more effective than the method employed by Hjerpe et al. The microwave energy would be dissipated in the sample and water bath, not concentrated in a small, shallow sample well. In addition, the water would eliminate contact thermal resistance between the test tube and bath. Using what was probably a more effective cooling method, Hopwood et al. concluded that enhanced fixation was a thermal effect and that controlled delivery of heat was the most significant factor in microwave fixation.
Consistent with earlier studies (Login and Dvorak, 1988; Hopwood et al.. 1984) , we have shown that neither heating without fixative (MWH or CH) nor briefimmersion in fixative without heat produces acceptable fixation. Contrary to our results, Login and Dvorak (1988) found that CH did not produce fixation equal in quality to MWH or conventional fixation at RT. We attribute this difference to the specimen sizes used in the two studies. Login and Dvorak used larger tissue blocks (4 mm3 to 1 cm3 vs (1 mm3 in this study). When specimens are heated by thermal conduction or convection, heat must diffuse from the tissue surface to its interior. This process requires more time for larger samples and may not be rapid enough for satisfactory fixation.
One of the hoped-for benefits of rapid fixation techniques is the possibility of routinely processing larger tissue samples. This would minimize the mechanical damage done in cutting up unfixed specimens and would generally facilitate tissue processing. As specimen size increases, however, the heating mode is likely to become more critical because non-uniformities in heating become more pronounced. Non-uniform heating could exacerbate nonuniform fixation.
CH will produce the least uniform heating due to the thermal diffusion processes described above. MWH produces non-uniform volumetric heating with energy deposition decreasing approximately exponentially as a function of depth and tissue complex permittivity (Schwan and Li, 1956 ). RH at low frequency also produces non-uniform volumetric heating. At 1 kHz, currents will flow through fluid-filled intercellular spaces in the tissue. However, the frequency is too low for currents to cross intact cell membranes (Foster and Schwan, 1986) .
Several suggestions can be made to improve the uniformity of tissue heating with MWH and RH. Microwave radiation at a lower frequency than the conventional microwave oven frequency of 2.45 gHz has greater penetration depth. With the radiation attenuating less rapidly with depth, energy is deposited more uniformly. Specially designed microwave exposure chambers like the resonant cavity used in this study can also improve heating uniformity and efficiency. Predictable field pattems eliminate the problem of "hot spots" common to microwave ovens.
The uniformity of RH would be improved by using a higherfrequency current. At frequencies above the P-dispersion of tissue, the cell membrane capacitance is effectively short-circuited (Foster and Schwan, 1986) . Current could flow readily in both intracellular and intercellular spaces, dissipating heat more uniformly. The P-dispersion relaxation frequency for most tissues is approximately 500 kHz (Foster and Schwan, 1986) . We are presently investigating the use of 1-10 mHz currents for RH with large tissue samples.
